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Abstract 1 
 2 
Knowledge regarding QTL has led to remarkable advances in breeding for a variety of 3 
traits, some of which have an effect on yield under particular environmental conditions. 4 
However, the same yield QTL are not usually found, even in the same population tested in 5 
different environments, as a result of large genotype-by-environment interactions. In this 6 
study we aimed at identifying yield QTL in a series of experiments carried out in Spain. We 7 
used a barley doubled haploid population derived from a spring by winter cross. The 8 
relationship between heading date and yield, and between the principal heading date QTL and 9 
yield, changed depending on the environment. Allelic combinations causing early or late 10 
heading dates usually did not favour high yield, whereas intermediate heading dates were 11 
associated with higher variability, but also higher yield potential. To identify QTL for grain 12 
yield independent of heading date, the population was divided into three classes: Early, 13 
Intermediate, and Late. We found three new QTL affecting yield only at specific maturity 14 
groups. The implications of these findings in relation to barley breeding are discussed.  15 
 16 
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 3
The final yield of a crop is the product of multiple growth and development processes 1 
that occur throughout the life cycle, with many genes having direct and indirect effects (Slafer 2 
2003). QTL determining favourable traits for particular environmental conditions may also 3 
have indirect effects on yield; examples include dwarfism (Rebetzke et al., 2000) and  4 
photoperiod response (Laurie et al., 1994; Worland et al., 1998. It stands to reason, therefore, 5 
that many QTL would be detected for grain yield. Indeed, many have been detected in 6 
multiple barley populations (reviewed by Thomas 2003), but few have had direct impact on 7 
breeding programmes, at least as gathered from published sources. Among the causes for this 8 
lack of successful application of QTL information to MAS are genetic background, genotype-9 
by-environment (GxE) interaction, and the modest effects of yield QTL alleles (Voltas et al. 10 
2002, Slafer 2003). GxE interactions are one of the main obstacles to progress in breeding 11 
programmes. Therefore, elucidation of the processes determining yield GxE, and their genetic 12 
basis, would be of great help to breeders.  13 
Phenological adjustment is one of the key factors determining adaptation under water -14 
limiting conditions, and it is one of the main contributors to GxE interaction in cereals. The 15 
main factors driving barley phenology are photoperiod and vernalization sensitivity. Both 16 
have a direct influence on crop adaptation and the geographic distribution of cultivars (Boyd 17 
1996). Flowering time genes determine the duration of crop developmental phases and, 18 
indirectly, the production of dry matter, the number of structures that contribute to final yield 19 
(tillers, spikes and grains), and also the way in which dry matter is partitioned (Boyd 1996). 20 
Karsai et al. (1999) showed that Ppd-H1 and Vrn-H1, the two major genes affecting flowering 21 
time in the Dicktoo x Morex population, had also a significant effect on several agronomic 22 
traits including yield components.  23 
The aim of this research was to discover grain yield QTL in a doubled haploid 24 
population of barley that is agronomically well-adapted to the inland plains of Spain. We 25 
 4
were particularly interested in the relationship between heading date and yield, as manifested 1 
by GxE and its effects on QTL estimation. 2 
 3 
Materials and Methods 4 
 5 
Plant Material 6 
The population under study was a set of 120 doubled-haploid (DH) lines derived from 7 
the F1 of Beka x Mogador. Beka (Bethge XIII x Kneifel) is a spring habit variety and 8 
Mogador (Alpha x Sonja) is a winter. This population was developed in the framework of the 9 
Spanish Barley Breeding Programme and is well-adapted and agronomically relevant to 10 
Northern Spain.  11 
 12 
Field Trials 13 
We carried out five autumn-sown field trials at four locations representative of the main 14 
barley growing areas of Northern Spain (Table 1). The experiments are coded with two letters 15 
indicating the province (i.e. HU - Huesca, LE - Lleida, VA - Valladolid, ZA - Zaragoza) and 16 
the last two digits of the harvest year (2001, 2002, 2003).  17 
Plots consisted of six or eight rows, 6 m long, and 1.2 m (HU, LE, ZA) and 1.5 m (VA) 18 
wide. Crop husbandry followed local practices at each location. Experimental design at each 19 
trial was an alpha lattice with three replicates. Days to heading were recorded at all locations, 20 
except LE02, as the number of days between January 1st and the day when approximately 2 21 
cm of awns were visible on 50% of the inflorescences in each plot. The grain yield data, 22 
based on the harvest of each 7.2 m2 or 9 m2 plot, was converted to kilograms per hectare.    23 
 5
 1 
Genotyping and linkage map construction 2 
Genotyping and linkage map construction procedures are described in detail in Cuesta-3 
Marcos et al. (2008). Briefly, genotyping was carried out with 215 markers: 10 RFLP, 5 STS, 4 
15 RAPD, 112 AFLP and 73 SSR (15 ESTs and 58 genomic-derived markers). Map density 5 
for QTL analysis was reduced to a minimum of 1.5 cM between markers, by removing co-6 
segregating markers (similarity higher than 0.95) and those with poor goodness of fit. The 7 
final map for QTL analysis had 126 markers distributed over 7 linkage groups. 8 
 9 
QTL analysis 10 
QTL main effects analysis was performed using the composite interval mapping (CIM) 11 
procedure (Zeng 1994), implemented in Windows QTL Cartographer 2.5 (Wang et al. 2005). 12 
We chose up to 21 cofactors for each CIM analysis, using a stepwise regression procedure 13 
with a significance threshold of 0.05. Walk speed was set to 2 cM, and the scan window to 10 14 
cM beyond the markers flanking the interval tested. Experiment-wise significance (α=0.05) 15 
likelihood ratio test (LR) thresholds for QTL were determined with 1000 permutations, and 16 
expressed as LOD score (LOD = 0.217 LR). Epistatic interactions between QTL were 17 
evaluated with the Multiple Interval Mapping (MIM, Kao et al. 1999) tool implemented in 18 
Windows QTL Cartographer using Bayesian Information Criterion (BIC-M0).  19 
Tests for QTL-by-environment interactions (QTLxE) were performed using the GxE 20 
option of the multitrait mapping method of Jiang and Zeng (1995) that is implemented in 21 
Windows QTL Cartographer 2.5. CIM and IM (Interval Mapping, Lander and Botstein 1989). 22 
Cofactors were selected manually, and markers closest to the yield and heading date QTL 23 
were included. The significance threshold was set using 1000 permutations (α=0.05) for the 24 
IM LOD scores. The coefficient of determination from the multilocus model (MIM) that 25 
 6
included the significant QTL and the significant interactions among them, was used to 1 
describe the proportion of the total variance of grain yield explained by QTL. Combined 2 
analyses of variance of the GxE and QTLxE interactions were also performed. The joint error 3 
for these analyses was the mean of the errors of the single trials. 4 
 5 
To identify the QTL involved in the interaction of yield with early maturity, we 6 
classified the population by the parental alleles (coded as B or M) at the two principal loci 7 
governing heading date: Bmag382 (Ppd-H2 region) and Bmac132 (Eam6 region) (Cuesta-8 
Marcos et al. 2008). This classification produced three maturity groups: Early (BM), 9 
Intermediate (BB or MM) and Late (MB). A new factor (Cycle) with these three levels was 10 
created in order to account for maturity. Subsequent analyses of variance were performed, 11 
with Cycle forced into the model. Factors jointly accounting for each marker main effect and 12 
its interaction with Cycle, were sequentially added to the model, one at a time. At each step, 13 
the marker whose factor explained a larger percentage of the sums of squares was kept in the 14 
model. This procedure was repeated sequentially, for all markers except for those located in 15 
the Eam6 and Ppd-H2 regions, until no new factors explained a significant amount of the 16 
genotype sums of squares.  17 
These analyses of variance were performed using the GLM procedure of SAS v9 (SAS 18 
Institute Inc., Cary, NC, USA). Genotypes were considered random factors (representative of 19 
the population of possible lines from this cross) and environments were considered fixed 20 
(because of the low number of degrees of freedom). The error for the combined analysis of 21 
variance of the genotype main effects (including QTL markers) was the Genotype-by-22 
Environment (GXE) term.  23 
 24 
 7
Results  1 
 2 
Yield and heading date 3 
Progeny yields were, on average, closer to the best parent for each trial. The ranges of 4 
variation for grain yield and days to heading for the DH lines were greater than the 5 
differences between the parental lines (Beka and Mogador), showing transgressive 6 
segregation in all the experiments (Table 2). A detailed description of the heading date data is 7 
presented in Cuesta-Marcos et al. (2008). Regarding overall yield, LE01, LE02 and VA02 8 
showed similar average values, and amplitudes in the range of variation, whereas ZA01 and 9 
LE02 were significantly lower and higher yielding, respectively (Table 2).  10 
The relationship between heading date and yield showed different trends in the four 11 
experiments in which both variables were recorded (Fig. 1). At LE01, yield decreased with 12 
lateness, and the opposite was true at VA02. At the other two trials, though the slope was 13 
negative, the relationship was non-significant. Overall, the plot of the averages of the 120 14 
lines for yield and heading date across environments showed a slightly quadratic pattern (Fig. 15 
2), with the highest yielding lines, and also the largest variability for yield, occurring at 16 
intermediate heading dates (Fig. 2). 17 
 18 
QTL main effects and interactions 19 
Five QTL for grain yield were found when analyzing the average yield of the 120 DH 20 
lines. Three of them were on the long arm of chromosome 5H (Fig. 3a). These QTL, coded as 21 
Y1-Y5, explained 40% of the phenotypic variation for the trait (Table 3). For four of these 22 
QTL, higher grain yield was associated with the Mogador allele. The exception was Y3, 23 
where higher yield was due to the Beka allele. A significant interaction between Y2 and Y4 24 
 8
was responsible for an additional 5% of the phenotypic variation (Table 3). Only one of the 1 
grain yield QTL (Y2) showed significant QTL x Environment interaction (Fig. 3b).  2 
Two additional regions with strong QTLxE interaction were detected on the long arm of 3 
chromosome 1H, and in the centromeric region of chromosome 2H (Fig. 3b). These two 4 
regions coincide with the positions of the two major QTL for heading date under autumn- 5 
sown conditions in this population (Cuesta-Marcos et al. 2008): one associated with Ppd-H2 6 
(Bmag382) and the other with Eam6 (Bmac132). The QTLs in these regions explained 7 
between 48 and 64% of the phenotypic variation in heading date variation in this population 8 
(Cuesta-Marcos et al. 2008). Therefore, the genotype by environment interaction for grain 9 
yield detected in this population was, in part, caused by the dynamic relationship between 10 
yield and heading date across environments and planting dates (Figs. 1 and 2).  11 
To further understand these interactions, we studied the effects of these loci in each 12 
experiment (Fig. 4). Early alleles (Mogador for Bmac132, Beka for Bmag382) were 13 
significantly superior in the experiment in which earlier lines showed a yield advantage 14 
(LE01). The opposite was true for the trial in which later lines had higher yields (VA02). 15 
Bmag337 showed large and contrasting effects in four trials 16 
Because the relationship between heading date and yield changed with maturity group, 17 
we asked the question 'are yield QTL in the full population the same as those within each 18 
maturity group?’ We hypothesized that any QTL whose effect was apparent only for a 19 
specific maturity group would show significant interaction with the principal QTL 20 
determining maturity (Ppd-H2 and Eam6 regions). The three maturity groups showed 21 
significantly different heading dates (Table 4). Yields were highest for the intermediate class, 22 
although only the late lines were significantly different. The analyses of variance designed to 23 
discover QTL concealed by QTLxE interaction, due to the effect of the two principal heading 24 
date loci, confirmed four of the five markers close to QTL Y1-Y5 (Table 5). Three new 25 
 9
markers with significant effects on yield were identified, all of them on chromosome 4H 1 
(HvM40, HvZCCT, E41M47-d). 2 
We found that the effects of the QTL detected in the overall analysis were not consistent 3 
across maturity groups (Fig 5). The averages of the absolute values for the additive effects for 4 
all seven loci were 49, 80 and 67 kg ha-1 for the Early, Intermediate, and Late classes, 5 
respectively. A majority of markers (6 out of 7) showed significant effects in the Intermediate 6 
class, whereas only 1 and 2 were significant in the Early and Late classes, respectively (Fig. 7 
5). The effects of both HvM40 and HvZCCT on yield were apparent in the Intermediate 8 
heading class only. The effect of E41M47-d was important in the Late heading class, and 9 
negligible in the other two classes. The four QTL already detected in the full population 10 
analysis (Y1, Y2, Y4, Y5) showed effects across the maturity groups, but were most important 11 
in the Intermediate class. 12 
 13 
Discussion 14 
Yield levels were average for VA02 and ZA01, and moderately high for LE01, LE02 and 15 
HU03 when compared with historic averages. Therefore, the data are representative. Mogador 16 
was higher yielding than Beka in most trials (Table 2). The only exception was ZA01, and 17 
this may be explained by a lack of full vernalization in this trial. The wide range of variation 18 
for heading time among the DH lines, and the low CDD temperatures in this trial were 19 
consistent with insufficient vernalization (Table 1). These circumstances are not uncommon 20 
in the region.  21 
The dynamic relationship of yield with heading date (Fig. 1, Fig. 2) was presumably, a 22 
consequence of different conditions of water availability during grain filling. At LE01, the 23 
temperatures were highest, and precipitation the lowest, during winter and spring (as most of 24 
the 128 mm of spring rainfall fell on a single day, at the end of the season). These data are 25 
 10
consistent with the occurrence of terminal stress and, hence, of less favourable conditions for 1 
late heading genotypes. At VA02, on the other hand, rainfall was evenly distributed over the 2 
entire season and temperatures were lower than at the other trials, especially during grain 3 
filling. Therefore, VA02 conditions were comparatively better for late genotypes.  4 
Five main effect QTL for grain yield and three for GxE interaction were identified 5 
(Table 3, Fig. 3a). These results reveal the important role of heading date, and heading date 6 
QTL, in determining yield and its GxE interaction. The main effect yield QTL were located in 7 
the following regions: 8 
− Y1, on the long arm of chromosome 3H (bin 13). There are several reports of QTL for 9 
grain yield in this region (Hayes et al. 1993, Thomas et al. 1995, Bezant et al. 1997, 10 
Powell et al. 1997, Yin et al. 1999, Marquez-Cedillo et al. 2001). QTL were also found 11 
in this region for ear grain weight and thousand grain weight (Bezant et al. 1997). The 12 
semi dwarf gene denso (Laurie et al. 1993), which affects many agronomic traits (Barua 13 
et al. 1993, Powell et al. 1985, Thomas et al. 1995), is located in this bin. However, 14 
neither parent of this cross is a denso semi-dwarf.  15 
− Y2, Y3, Y4, on the long arm of chromosome 5H. There is sufficient distance between 16 
them to consider them independent. Two of these QTL (Y2, Y3) are in the same bins (5 17 
and 10, respectively) as two yield hot-spots described by Thomas (2003) that are present 18 
in at least four populations. Other yield-related traits for which QTL were found in bin 5 19 
are kernel weight (Pillen et al. 2003) and heading date (Pan et al. 1994, Thomas et al. 20 
1995). Y4 in, bins 12-14, is co-located with a grain yield QTL reported by Marquez-21 
Cedillo et al. (2001), a heading date QTL (Pan et al. 1994), and a lodging resistance 22 
QTL (Backes et al. 1995). Vrn-H1, the main gene governing vernalization sensitivity, 23 
was assayed using diagnostic primers for HvBM5 and lies between Y3 and Y4. 24 
 11
Therefore, vernalization sensitivity is not a determinant of yield in this population in this 1 
sample of environments.  2 
− Y5, located in the centromeric region of chromosome 7H, bin 7. In this zone, Hayes et 3 
al. (1993) found a QTL for grain yield, and Laurie et al. (1995) one for heading date. 4 
Other QTL reported in this region for yield-related traits were plant height (de la Pena et 5 
al. 1999, Marquez-Cedillo et al. 2001) and root length (Jefferies et al. 1999). 6 
The significant interaction found between Y2 and Y4 was caused by higher-than-7 
expected yield produced by the combination of Mogador alleles at both loci. These QTL are 8 
both on chromosome 5H, but they are distant enough to segregate independently.  However, 9 
the presence of another QTL between them (Y3), in repulsion, may affect the power of tests in 10 
this region.  11 
Several regions also showed QTL x E interaction (Fig. 3b): 12 
− Bmac132, in the centromeric region of chromosome 2H (bin 8), is coincident with the 13 
earliness per se locus eps2S or Eam6 (Laurie et al. 1995, Franckowiak and Konishi 14 
2002, Horsley et al. 2006), whose effect is noticeable under both long- and short-day 15 
conditions. This was the most important region for heading time in autumn sowings in 16 
Beka x Mogador (Cuesta-Marcos et al. 2008) and in Beka x Logan (Moralejo et al. 17 
2004). It is described as the one of the main heading date QTL under Australian field 18 
conditions, where cultivars are also exposed to natural (short) photoperiods during most 19 
of the growing season (Boyd et al. 2003).   20 
− Bmag382, on the long arm of chromosome 1H (bins 12-13) is coincident with the 21 
position of the photoperiod response gene Ppd-H2, which causes differences in heading 22 
date under short photoperiod conditions (Pan et al. 1994, Laurie et al. 1995, Boyd et al. 23 
2003, Francia et al. 2004). This QTL is a major determinant of heading date under 24 
autumn sowing conditions in Spain for this population (Cuesta-Marcos et al. 2008).  25 
 12
The analysis that surveyed the effect of all markers on yield, including their interaction 1 
with Cycle, detected additional QTL in the vicinity of the following markers: 2 
− HvM40, located on the short arm of chromosome 4H (bin 2). The LOD is slightly under 3 
the significance threshold in the CIM analysis (Fig. 3a). No yield QTL has previously 4 
been reported in this region, but QTL for heading date were found in this population 5 
(Cuesta-Marcos et al. 2008), and in Steptoe x Morex (Hayes et al. 1993). Zhu et al. 6 
(1999) and Marquez-Cedillo et al. (2001) found a QTL for plant height, which is a trait 7 
usually associated with yield under drought conditions (Ceccarelli et al. 1991; Teulat et 8 
al. 2001).  9 
− E41M47-d maps on the long arm of chromosome 4H, just below the centromere (bins 6-10 
7). Grain yield QTLs in this area were found by Marquez-Cedillo et al. (2001), Long et 11 
al. (2003) and Pillen et al. (2003). In our study, its effect was observable only in the Late 12 
heading class (Fig. 5). Hence, this QTL may be related to a mechanism that affects yield 13 
when its relationship with heading date is negative, most likely in a situation of terminal 14 
water stress.  15 
− HvZCCT, in the long arm of chromosome 4H (bin 13) is the allele-specific marker for 16 
the vernalization gene Vrn-H2. If this gene is a determinant of grain yield, its effects 17 
may be via plant architecture. Vernalization affects not only heading time, but also the 18 
relative duration of phases of plant development. Thus, different combinations of 19 
vernalization alleles might affect the balance of number of tillers and spike size, even 20 
within the same maturity group (Karsai et al. 2006). These differences in plant 21 
architecture could result in differences in grain yield. This hypothesis needs validation 22 
in other sets of materials.  23 
This population displayed an impressive degree of phenotypic variation for heading date 24 
– on average 18 days. The scatterplot shown in Fig. 2 reveals that this range is wide enough to 25 
 13
encompass the optimum heading date to maximize yield for this population in this range of 1 
environments. It is also clear from the figure that higher yield potential, and variability, are 2 
found in the intermediate maturity group. It is possible that lines which are too early maturing 3 
are not able to take full advantage of spring rains, although they could be a safe bet from an 4 
agronomic point of view. Late lines, on the other hand, with their longer vegetative phase, can 5 
take advantage of spring rainfall, and thus accumulate more biomass to achieve higher yield 6 
potential. However, their yield can be reduced to a greater extent because of the drought stress 7 
that commonly occurs at the end of the crop cycle. All things considered, intermediate 8 
heading dates are most likely to maximize yield.  9 
Other studies carried out in the Mediterranean region, mainly by ICARDA researchers, 10 
showed that the optimum heading date is one that is early enough to allow for grain filling 11 
and drought avoidance but late enough to avoid cold damage (van Oosterom and Acevedo 12 
1992a). Plant ideotypes proposed by these authors were early heading spring types or winter 13 
types with moderately early heading (van Oosterom and Acevedo 1992b). 14 
The range of heading dates in this population is representative of those found in the 15 
Spanish Barley Breeding Programme, in trials carried out at the same locations. In these trials, 16 
two cultivars are used regularly as early and late checks, to define the acceptable heading date 17 
window for the materials in the programme. The flowering date of these checks, sown in 18 
neighbour plots, was very similar to the extreme lines of the Beka x Mogador population. Our 19 
results corroborate the experience gained over the years by the Spanish Barley Breeding 20 
Programme, suggesting that the optimum heading time for the inland plains of Spain is 21 
intermediate. Thus, we can conclude that the wide range of heading dates displayed by this 22 
population, and the diversity of environments encountered, provided a useful framework for 23 
the detection of yield QTL under Mediterranean conditions.  24 
 25 
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 1 
Table 1. Sowing dates and environmental conditions (seasonal cumulative precipitation and 2 
average temperature values) in the five autumn-sown field trials carried out in this study.  3 
 4 
† Cooling degree days: sum of daily differences between the average temperature and 12ºC 5 
na, not available 6 
 7 
 8 
Precipitation (mm) Temperature (ºC) CDD† Trial Sowing date Fall Winter Spring Fall Winter Spring  
LE01 19-12-00 95 50 128 9.8 9.3 19.1 na 
ZA01 21-11-00 83 67 47 10.6 8.1 16.9 434 
LE02 01-12-01 100 67 202 7.1 7.1 16.1 na 
VA02 19-11-01 111 107 137 6.2 6.5 14.5 933 
HU03 04-11-02 165 175 106 9.5 6.7 15.3 693 
 19
Table 2. Days to heading and grain yield of 120 DH lines of the Beka x Mogador barley 1 
population, in the five autumn-sown field trials carried out in this study.   2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
Trial Yield (kg ha-1) Days to heading (from January 1st) 
 Parents  Offspring (DH lines) Parents Offspring (DH lines) 
 BEK MOG  Mean σ Min. Max. BEK MOG Mean σ Min. Max.
LE01 4005 4661  4693 518.5 3515 5862 104.3 104.0 102.4 4.11 95.0 110.0
ZA01 2983 2548  3105 317.8 2153 3811 99.4 104.9 99.1 4.40 89.5 112.5
LE02 5056 5639  5488 613.6 3676 6870 - - - - - - 
VA02 4060 4651  4829 557.4 3510 6189 122.1 122.6 123.5 3.79 116.1 131.8
HU03 4200 4594  4422 497.9 3195 5748 104.4 106.9 106.2 4.22 97.0 114.2
 20
Table 3. Grain Yield QTL detected for the average yield of 120 DH lines of the Beka x 1 
Mogador barley population tested in 5 environments. LOD scores correspond to the CIM 2 
analysis. Multiple Interval Mapping was used to calculate effects and R2. 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
QTL 
Code 
 
Chrom. 
PeakPosition 
(cM) 
Closest 
marker Bin 
2-LOD 
confidence 
interval 
 
LOD 
score 
Additive 
effect 
 
R2 
Y1 3H 132.2 Bmag013  13 127.5-160.5  2.90 90.5 0.09 
Y2 5H 61.0 Bmag337  5 49.5-70.0  3.12 110.9 0.11 
Y3 5H 129.1 E35M48_c 9-10 111.9-134.2  3.90 -84.5 0.06 
Y4 5H 181.4 E36M48_h 11-12 170.7-190.8  5.54 95.6 0.10 
Y5 7H 77.7 E35M49_a 7 51.1-90.6  3.62 67.9 0.04 
Y2 x Y4      0.05 
 21
Table 4. Average yield and heading date of the 120 barley DH lines of the Beka x Mogador 1 
barley population, divided in three heading time classes defined by the allelic combination at 2 
Bmag382 (Ppd-H2 region) and Bmac132 (Eam6 region). 3 
 4 
Yield  Bmag382 (Ppd-H2) 
Bmac132
(Eam6) 
no. 
lines Mean σ Days to heading 
    (kg ha-1)* (days since January 1st) 
Early Beka Mogador 35 4538 a 220 103.5 a 
Mogador MogadorIntermediate Beka Beka 58 4587 a 335 108.4 b 
Late Mogador Beka 27 4295 b 298 112.3 c 
*Means separation LSD; α=0.05 
 5 
 6 
 7 
 22
Table 5. Analysis of variance of the yield QTL and their significant interactions, for the whole 1 
set of lines and also for three subsets of lines according to heading time classes defined by the 2 
allelic combinations at Bmag382 and Bmac132 (Cycle). Closest markers to the QTL peaks 3 
detected in the CIM analysis are used. Mean squares of yield values, derived from Type I 4 
sums of squares, expressed in q ha-1. 5 
 6 
 7 
 8 
Source of variation DF Mean squares sign. F 
GENOTYPE (G) 119 478 ** 
Cycle 2 4211 ** 
HvZCCT * Cycle 3 1535 ** 
HVM40 * Cycle 3 1438 ** 
E41M47_d * Cycle 3 1042 ** 
E36M48_h (Y4) * Cycle 3 1312 ** 
E35M49_a (Y5) * Cycle 3 638 * 
Bmag013 (Y1) * Cycle 3 933 ** 
Bmag337 (Y2) * Cycle 3 705 * 
Genotype (residual) 93 267 * (0.045) 
ENVIRONMENT (E) 4 92122  
G * E 475 207 ** 
Cycle * E 8 1940 ** 
Bmag337 (Y2) * E 4 1399 ** 
G * E (residual) 463 159 ** 
ERROR 949 80   
  *, ** P<0.05, P<0.01 9 
 23
Figure 1. Scatter plots of the heading dates from January 1st (X-axis) and yield in kg ha-1 (Y-1 
axis) in four field trials. The 120 DH lines of the barley population Beka x Mogador are 2 
indicated by dots. Lines show the linear trend between the two variables. R2 of the linear 3 
regressions are also shown. F value of the linear regression significant at *P < 0.05, **P < 4 
0.01, ***P < 0.001. 5 
Figure 2. Relationship between heading date and yield for the averages of 120 DH lines of the 6 
Beka x Mogador barley population in four (heading date) or five (yield) environments. R2 of 7 
the quadratic regression is also shown. Symbols stand for haplotypes at the two main heading 8 
date loci for each line of this population, represented by markers Bmag382 and Bmac132. 9 
Figure 3. Results of composite interval mapping for grain yield at five field trials. Scans for a) 10 
grain yield main effect, CIM analysis with a 2.7 LOD threshold; b) genotype-by-environment 11 
interaction, CIM scan (full line) and IM scan (dotted line) analysis for QTL; LOD threshold 12 
(5.1) corresponds only to IM. 13 
Figure 4. QTL x Environment interaction for yield in the Beka x Mogador barley population. 14 
Additive yield effect of markers significant for QTLxE interaction at the five field trials. 15 
Positive values indicate higher yield of lines carrying the Mogador allele.  16 
Figure 5. Yield QTL in the Beka x Mogador barley population, divided by heading time 17 
(cycle) classes. Additive effect of the QTL detected in the QTL x cycle analysis, at the 18 
different heading time classes. Positive values indicate higher yield of lines carrying the 19 
Mogador allele.  20 
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